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(57) ABSTRACT 

A circuit for calibrating an oscillating ramp signal to a vari 
able DC reference signal in accordance With an embodiment 
of the present application includes a circuit for setting a 
predetermined time period during Which a charging capacitor 
can charge and thus determining a ramp oscillator frequency; 
a variable current source for providing a charging current to 
the charging capacitor; a circuit for selecting the charging 
current fed by the variable current source to said charging 
capacitor; and a circuit for comparing the oscillating ramp 
signal to the variable DC reference signal and for supplying a 
signal to the selecting circuit for controlling the amount of 

5/1975 Dragon ~~~~~~~~~~~~~~~~~~~~~ ~~ 327/176 current supplied to said charging capacitor thereby determin 
lg; Elmer ing the charging voltage across said capacitor at the end of 

Oy.et .a ' ' said predetermined time period. 
5/2000 Tateishi .................... .. 323/283 

7/2003 Yang ........................ .. 323/283 

11/2004 Ichikawa et a1. ............ .. 363/41 21 Claims, 6 Drawing Sheets 
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METHOD AND APPARATUS FOR 
CALIBRATING A RAMP SIGNAL 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present application claims the bene?t and priority of 
US. Provisional Application Ser. No. 60/604,176, ?led Aug. 
24, 2004 entitled IR 1150 RAMP CYCLE-BY-CYCLE 
CALIBRATION SCHEME, the entire disclosure of Which is 
incorporated by reference herein. 

BACKGROUND OF THE INVENTION 

The present invention relates to calibrating ?rst and second 
signals to each other, and in particular, to a system for com 
pensating a ramp signal by calibrating the ramp signal to the 
level of a compensating signal. In particular, the compensat 
ing signal may be the output of an error ampli?er Which 
produces a signal proportional to a difference betWeen a 
voltage feedback signal of a poWer factor correction stage of 
a DC to DC converter and a reference signal. The ramp signal 
is utiliZed to control the pulse Width modulation of the con 
trolled output sWitch, for example, the poWer factor correc 
tion (PFC) output stage or the sWitch or sWitches of the DC to 
DC converter. In a typical application, the ramp signal is 
provided to one input of a PWM comparator and the other 
input of the comparator is provided With the output of the 
error ampli?er Whereby the output of the PWM comparator 
comprises a pulse Width modulated signal Whose duty cycle 
controls the sWitching of the output stage. 

It is desirable to calibrate the ramp signal to the compen 
sating signal, for example, the output of the error ampli?er, in 
order to achieve high accuracy PFC. 
A critical requirement in achieving near ideal PoWer Factor 

Correction (PFC) in a Single Cycle PFC Controller is to 
establish a Pulse Width Modulation (PWM) ramp Waveform 
that represents the mathematical integration of an error volt 
age (COMP) on a cycle-by-cycle basis. The integration is 
reset to Zero at the beginning of each sWitching clock cycle 
With the integration continuing throughout the entire cycle. 
The duration of one sWitching cycle is determined by the 
controller sWitching frequency. For a ?xed COMP error volt 
age, the PWM ramp Waveform Will start at Zero volts at the 
beginning of each sWitching cycle, linearly rise over the 
period, and then terminate at the COMP voltage at the 
completion of each cycle. 

During operation, the COMP voltage is continually mov 
ing With input line frequency in an effort to provide the 
highest PFC quality. Since changes in the COMP voltage 
occur at a much sloWer frequency compared to the controller 
sWitching frequency, it is valid to assume the COMP voltage 
is “?xed”. FIG. 1 beloW graphically details the desired RAMP 
Waveform for tWo different COMP voltages, VCOMP 1 and 
VCOMP2. In each case, at the end of the cycle, it is desired 
that the ramp terminate at the level of the compensating 
voltage. 

The dif?culty arises When non-ideal circuit parameters 
such as op-amp offsets, circuit response times, package stress 
variations, temperature and process variations begin to intro 
duce errors in the RAMP slope. Furthermore, a large con 
tributor to ramp error in single cycle controllers (for example 
the IR1150) is that the user can program the sWitching fre 
quency from 50 KHZ to 200 KHZ Which means the RAMP 
slope needs to track a 4x change in frequency. This is dif?cult 
to implement under tight accuracy requirements due to mis 
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2 
matches betWeen the oscillator and ramp capacitors, charge 
currents, circuit delays, and threshold voltages. 

SUMMARY OF THE INVENTION 

An object of the present invention is to have the ramp 
Waveform utiliZed by the pulse Width modulator terminate at 
a variable DC reference voltage, the compensating voltage, 
When the sWitching cycle is ending, for example, once the 
internal oscillator Waveform reaches its maximum peak volt 
age. This peak voltage coincides With the oscillator maximum 
duty cycle. This maximum duty cycle is typically identi?ed 
by a pulse. Accordingly, the compensating signal, for 
example, the output of the error ampli?er, sets up the peak 
voltage of the ramp Waveform. Since the frequency of the 
ramp Waveform is ?xed, the slope of the ramp Waveform is 
thereby controlled so that the peak of the ramp coincides With 
the compensating voltage. 

This calibration of the ramp Waveform to the compensating 
signal is necessary for a proper poWer factor correction con 
trol in a poWer factor correction controller of the type 
described herein Which operates on the single cycle control 
methodology. According to the single cycle control method 
ology, the poWer factor correction control operates With tWo 
control loops, an inner current loop and an outer voltage loop. 
The inner current loop is fast and does not require sensing of 
the input voltage in order to create a current reference. 

This inner current loop sustains the sinusoidal pro?le of the 
average input current based on the dependency of the pulse 
Width modulator duty signal on the input line voltage in order 
to determine the analogous input line current. Thus the cur 
rent loop uses the embedded input voltage signal to control 
the average input current to folloW the input voltage. 
The outer voltage loop controls the DC bus voltage. This 

voltage is fed into the voltage error ampli?er to control the 
slope of the integrator ramp and sets the amplitude of the 
average input current. The tWo loops combine to control the 
amplitude phase and shape of the input current With respect to 
the input voltage, giving near unity poWer factor. 
The slope of the ramp is thus controlled to set the amplitude 

of the average input current. If the ramp terminates above or 
beloW the compensating voltage, the effects are increased 
harmonics seen at the output of the poWer factor controller 
Which may result in inadequate and unacceptable levels of 
poWer factor correction. 

According to the invention, the ramp charge current is 
actively modulated so that the ramp voltage crosses the com 
pensating signal at the pulse coinciding With the oscillator 
maximum duty cycle. The ramp charge current is modulated 
by a variable current source. According to one embodiment, 
an up-doWn counter is utiliZed to control the sWitching of a 
plurality of Weighted current sources controlling charging of 
the ramp capacitor, thereby modulating the charge current 
into the capacitor determining the ramp slope. 
An advantage of the invention is that near ideal poWer 

factor correction is made possible over a Wide range of oper 
ating frequencies using this cycle-by-cycle calibration 
scheme. Process, device mismatch and temperature varia 
tions are also calibrated out. The die area required for the 
circuit is relatively small, even for a bipolar process Which is 
not e?icient for implementing digital circuitry. 
An alternative solution Would have required trimming at 

Wafer probe Which adds test time and complexity, added die 
area for trim pads and fuses, and still trimming does not 
account for temperature variations, changes in oscillator fre 
quency, or post-package stress induced shifts. 
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BRIEF DESCRIPTION OF THE DRAWING(S) 

The invention Will noW be described in greater detail in the 
following detailed description in Which 

FIG. 1 shows examples of ramp Wave forms and compen 
sating signals and their desired relationship; 

FIG. 2 shoWs an example of a poWer factor correction 
circuit having an integrated circuit therein employing the 
invention; 

FIG. 3 shoWs the block diagram of the integrated circuit 
controller of FIG. 1; 

FIG. 4 shoWs a block diagram of the one embodiment of a 
circuit for controlling the ramp charging current; 

FIG. 5 shoWs Waveforms in the circuit of FIG. 4; 
FIGS. 6A and 6B both shoW an alternative embodiment of 

the circuit of FIG. 4; and 
FIG. 7 shoWs Waveforms of the circuit of FIG. 6. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS OF THE INVENTION 

With reference noW to the draWings, FIG. 2 shoWs a poWer 
factor correction controller employing an integrated circuit 1 
Which operates on the above-described single cycle control 
scheme. The IC 1 may be a type IRl 150. The GATE output of 
the integrated circuit 1 is a pulse Width modulated signal 
provided to the gate of the output stage transistor O1 to 
control the sWitching action of transistor Q1 and thus force 
the input current and input voltage to be in phase, i.e., to have 
a poWer factor of nearly one. This reduces energy require 
ments and also reduces total harmonic distortion (THD). The 
circuit utilizes a current sense resistor RS for current sensing 
and a voltage feedback from the output to pin VFB. 

FIG. 3 shoWs the block diagram of the IC 1. In relevant 
aspect, a voltage VFB is fed back from a resistor divider 
coupled across the output of the circuit of FIG. 2. The error 
ampli?er EA compares the feedback voltage VFB to a refer 
ence voltage VREF and produces an error signal output VM 
proportional to the difference. This error signal is the com 
pensating voltage COMP Which is used to calibrate the ramp 
signal Which is provided to the PWM comparator. The PWM 
comparator is indicated at PWM in FIG. 3. It compares the 
error ampli?er output Vm summed With a signal related to the 
sensed inductor current to the RAMP oscillator signal, in 
particular, the ramp signal Which is produced across the inte 
grating charging capacitor C. The charging capacitor C is 
reset by a circuit FF at the end of each cycle of the system 
clock (CLOCK) thereby generating the ramp signal. The 
output of the PWM comparator is fed through succeeding 
circuits to control the gate of the sWitch Q1. A circuit 50 is 
used to control the charging rate of capacitor C and thus affect 
the ramp slope. 

Turning to FIG. 4, this ?gure shoWs details of the circuit 50 
shoWn in FIG. 3. In FIG. 3, circuit 50 comprising an ampli?er 
stage is shoWn Which controls the current sourced for charg 
ing the capacitor C. FIG. 4 shoWs details of the circuit. As 
shoWn in FIG. 4, the circuit 50 may comprise a plurality of 
Weighted current sources I, 2I, 4I, 8I Which are selectable 
based upon the count of a four bit UP/ DOWN counter shoWn 
at 60. The outputs of the counter Q0, Q1, Q2, Q3 enable l6 
currents to be selected based upon a count betWeen 0 and 15. 
The currents from the current sources determine the current 
charging the capacitor, Which thus controls the capacitor 
charge rate and thus ramp slope. 
As shoWn in FIG. 3, the compensating signal represents the 

output VM of the error ampli?er. The ramp and comp signals 
are shoWn in FIG. 5. The aim is to calibrate the ramp signal so 
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4 
that it terminates at the variable DC COMP reference. The 
oscillator signal COSC is also shoWn in FIG. 5. Also shoWn is 
the signal MAXDTC Which is a pulse generated When the 
oscillator maximum duty cycle or peak voltage has been 
achieved. 
As shoWn in FIG. 4, the signal COMP and the ramp signal 

are provided to a comparator 55. The output of the comparator 
55 is shoWn in FIG. 5 and comprises the signal A. Whenever 
the ramp exceeds the signal COMP, the comparator output 
goes high, as shoWn. 

Referring to the block diagram in FIG. 4 and the timing 
diagram in FIG. 5, the end of the sWitching cycle is ?agged by 
a MAX_DTC pulse Which coincides With COSC reaching its 
peak voltage. The rising edge of the MAX_DTC pulse acts as 
a clock for the Up-DoWn Counter 60. The Peak Detect Com 
parator 55 provides a logic output that represents the instan 
taneous location of RAMP in relation to COMP. If RAMP 
exceeds COMP, the Peak Detect Comparator issues a high 
output. The digitiZed relationship of RAMP to COMP con 
trols the count direction of the Up-DoWn Counter 60 Whose 
binary outputs control the binary Weighted adjust currents I, 
2I, 4I and SI. In the case of RAMP exceeding COMP at the 
generation of the MAX_DTC ?ag, the Peak Detect Compara 
tor’s “high” output directs the counter to count doWn by one 
bit. The resultant magnitude of the RAMP binary Weighted 
current decreases so that the next cycle’ s RAMP slope Will be 
less than the previous cycle. After several clock cycles, an 
ideal RAMP slope Will be achieved and the Up -DoWn counter 
Will toggle back and forth betWeen the tWo nearest solutions. 
The MIN and MAX count detect gates 56 and 58 prevent the 
Up-DoWn counter from “rolling over” by keeping the binary 
output betWeen all 0’s and all l’s. 
The maximum count detector 58 monitors When the maxi 

mum count (all l’s) of the counter 60 has been achieved. The 
minimum count detector 56 monitors When the minimum 
count (all O’s) has been achieved. Thus, When there is a 
minimum count (all O’s at the input to gate 56), the output of 
gate 56 is high. After inversion by inverter 56AA, Whose 
output is loW, AND gate 59 is disabled, preventing further 
counting doWn When there is a minimum count. AND gate 58 
forces a count doWn When there is a maximum count (all l’s) 
since the output of OR gate 61 Will be high, forcing a count 
doWn. 

Thus, the counter 60 selects the charging rate of the capaci 
tor C, alloWing one bit change in each load clock cycle (up or 
doWn) until the charging rate is such that the difference 
betWeen the COMP signal and the ramp signal at the end of 
each clock cycle is minimized. This forces the ramp signal to 
the desired slope during the clock cycle. 

FIG. 6 shoWs an alternate embodiment. In FIG. 6, the 
sWitched currents I, 2I, 4I and SI are summed to generate 
IDIV Which inversely controls the capacitor C charge current 
due to the current divider, that is IRAMP:V(COMP)/R1>< 
IOSC/IDIV, Where R1 is an internal resistor, not shoWn, IOSC 
is equivalent to the oscillator capacitor charge current and 
IVDIV is the current obtained by the selection of the current 
sources I, 2I, 4I and SI to obtain the desired ramp amplitude. 
The count control logic in FIG. 6 is opposite to account for 

the inverse effect of the sWitched current on the capacitor 
charge current. In FIG. 4, in contrast, a high output of the Peak 
Detect Comparator 55 issues a count doWn command to 
reduce the capacitor charge current to decrease the ramp 
slope. In FIG. 6, the similarly con?gured Peak Detect Com 
parator 55A issues that same high output When the ramp peak 
exceeds COMP. HoWever, that high control signal issues a 
count up command to increase the denominator in the capaci 
tor charge current IDIV to decrease the ramp slope. Since the 
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count control logic is opposite, the min-max count detectors 
are also opposite and the logic circuitry 58AA, 59A and 61A 
is as shoWn in the illustrated embodiment. 

FIG. 7 shoWs Waveforms of the circuit of FIG. 6. 
The four bit up-doWn counter 60 is thus used to control and 

select the ramp slope. The four bit outputs coincide With the 
binary Weighted currents of the current modulator 50. The 
default charge current of the ramp signal is selected so that 
under ideal conditions, the four bit up-doWn counter is cen 
tered in its count, i.e., at approximately 7 to 8. If the ramp is 
above COMP at the maximum DTC clock, the count is 
increased by 1 Which increases IDIV in the circuit of FIG. 6 
thereby decreasing the ramp slope. In the circuit of FIG. 4, the 
count is reduced and the charging current is thus reduced. If 
the ramp is beloW the COMP voltage at maximum DTC, the 
count is decreased by l in the circuit of FIG. 6 thereby 
increasing the ramp slope. In the circuit of FIG. 4, When the 
ramp is beloW COMP, the counter counts up to increase the 
slope. The ramp Will toggle in slope by one LSB (least sig 
ni?cant bit) once the system has settled. 

Counter rollover is prevented in each circuit (FIG. 4 and 
FIG. 6) by the maximum and minimum counters, i.e., the 
counters cannot count beloW Zero or above 15. 

In the circuit of FIG. 6, from I(RAMP):V(COMP)/ 
R1 *IOSC/IDIV, an increase in IDIV results in a loWer RAMP 
slope. Therefore if RAMP exceeds COMP, a COUNT-UP 
signal is issued to increase the binary Weighted current Which 
Will decrease the slope on the next sWitching cycle. This is in 
contrast to the circuit of FIG. 4, Where the current sources 
directly charge the capacitor, so that if RAMP exceeds 
COMP, a count doWn signal is issued to decrease the RAMP 
slope. 

Thus the circuit of the present invention forces the RAMP 
signal (voltage across Capacitor C of FIG. 3) to calibrate itself 
to the COMP signal on a cycle-by-cycle basis, as shoWn by 
the timing diagrams of FIGS. 5 and 7. By modulating the 
current source circuit 50, the amount of current fed to the 
timing capacitor C is changed in accordance With the rela 
tionship of the COMP signal to the ramp signal. The slope of 
the ramp signal is modulated to insure the ramp signal termi 
nates When it crosses the COMP signal. 

Although the present invention has been described in rela 
tion to particular embodiments thereof, many other variations 
and modi?cations and other uses Will become apparent to 
those skilled in the art. Therefore the present invention should 
not be limited by the speci?c disclosure herein, but only by 
the appended claims. 
What is claimed is: 
1. A circuit for calibrating an oscillating ramp signal to a 

variable DC reference signal comprising: 
a circuit for setting a predetermined time period during 
Which a charging capacitor can charge and thus deter 
mining a ramp oscillator frequency; 

a variable current source for providing a charging current to 
the charging capacitor; 

a circuit for selecting the charging current fed by the vari 
able current source to said charging capacitor; and 

a circuit for comparing the oscillating ramp signal to the 
variable DC reference signal and for supplying a signal 
to the selecting circuit for controlling the amount of 
current supplied to said charging capacitor thereby 
determining the charging voltage across said capacitor at 
the end of said predetermined time period. 

2. The circuit of claim 1, Wherein the circuit for comparing 
comprises: 

a comparator for comparing the oscillating ramp signal to 
the variable DC reference signal and for producing an 
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6 
output When a predetermined relationship betWeen the 
oscillating ramp signal and the variable DC reference 
signal exists. 

3. The circuit of claim 2, Wherein the variable DC reference 
signal comprises the output of an error ampli?er sensing the 
difference betWeen a regulator output voltage and a reference 
level. 

4. The circuit of claim 2, Wherein the selecting circuit 
comprises a digital up/doWn counter for counting during the 
predetermined time period established by the circuit for set 
ting the predetermined time period. 

5. The circuit of claim 4, Wherein the counter counts up or 
doWn by one bit during the predetermined time period. 

6. The circuit of claim 4, Wherein the variable current 
source comprises a plurality of selectable current sources 
selected by said up/doWn counter, and Wherein said plurality 
of selectable current sources determine the charging current 
to said charging capacitor thereby to affect the slope of the 
oscillating ramp signal developed across said capacitor. 

7. The circuit of claim 6, Where the variable current source 
comprises a plurality of selectable current sources selected by 
saidup/doWn counter, and Wherein said plurality of selectable 
current sources modulate a current in a further current source 

providing charging current to said charging capacitor thereby 
to determine the charging current applied to said capacitor to 
affect the slope of the oscillating ramp signal developed 
across said capacitor. 

8. The circuit of claim 7, Wherein said plurality of select 
able current sources and said further current source comprises 
a current divider determining the current provided by said 
further current source. 

9. The circuit of claim 4, further comprising a circuit for 
preventing said up/doWn counter from counting beloW a mini 
mum count and from counting above a maximum count. 

10. The circuit of claim 5, Wherein said counter counts by 
one bit up or doWn depending on a state of said output of said 
comparator at a time determined by a signal having said 
predetermined time period. 

11. The circuit of claim 10, Wherein said signal having a 
predetermined time period comprises a pulse signal identify 
ing the end of said predetermined time period, said predeter 
mined time period set by a system clock. 

12. A method for calibrating an oscillating ramp signal to a 
variable DC reference signal comprising: 

setting a predetermined time period during Which a charg 
ing capacitor can charge and thus determining a ramp 
oscillator frequency; 

providing a selectable charging current to the charging 
capacitor; 

selecting the charging current fed by the current source to 
said charging capacitor; and 

comparing the oscillating ramp signal to the variable DC 
reference signal and supplying a signal controlling the 
amount of current supplied to said charging capacitor 
thereby determining the charging voltage across said 
capacitor at the end of said predetermined time period. 

13. The method of claim 12, Wherein the step of comparing 
comprises: 

comparing the oscillating ramp signal to the variable DC 
reference signal and producing an output When a prede 
termined relationship betWeen the oscillating ramp sig 
nal and the variable DC reference signal exists. 

14. The method of claim 13, Wherein the variable DC 
reference signal comprises the output of an error ampli?er 
sensing the difference betWeen a regulator output voltage and 
a reference level. 
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15. The method of claim 13, wherein the step of selecting 
comprises counting during the predetermined time period. 

16. The method of claim 15, Wherein the step of counting 
comprises counting up or doWn by one bit during the prede 
termined time period. 

17. The method of claim 15, Wherein the step of providing 
a selectable charging current comprises providing a plurality 
of selectable current sources, and further comprising select 
ing ones of said plurality of selectable current sources to 
determine the charging current to said charging capacitor 
thereby to affect the slope of the oscillating ramp signal 
developed across said capacitor. 

18. The method of claim 17, Where the step of providing a 
selectable charging current providing a plurality of selectable 
current sources, and further comprising selecting ones of said 
plurality of selectable current sources to modulate a current in 

15 
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a further current source providing charging current to said 
charging capacitor thereby to determine the charging current 
applied to said capacitor to affect the slope of the oscillating 
ramp signal developed across said capacitor. 

19. The method of claim 15, further comprising preventing 
counting beloW a minimum count and from counting above a 
maximum count. 

20. The method of claim 16, Wherein said step of counting 
comprises counting by one bit up or doWn depending on the 
result of said step of comparing at a time determined by a 
signal having said predetermined time period. 

21. The method of claim 20, Wherein said signal having a 
predetermined time period comprises a pulse signal identify 
ing the end of said predetermined time period, said predeter 
mined time period set by a system clock. 

* * * * * 


